The objectives of this study were to investigate the current status of mercury distribution, speciation and bioavailability in the floodplain soils of Lower East Fork Poplar Creek (LEFPC) after decades of US Department of Energy's remediation. Historically as part of its national security mission, the U.S. Department of Energy's Y-12 National Security Facility in Oak Ridge, TN, USA acquired a significant fraction of the world's supply of elemental mercury. During the 1950s and 1960s, a large amount of elemental mercury escaped confinement and is still present in the watershed surrounding the Y-12 facility. A series of remediation efforts have been deployed in the watersheds around the Oak Ridge site during the following years. The sampling fields were located in a floodplain of LEFPC of Oak Ridge, TN, USA. A series of surface soils (10-20 cm) were sampled from both wooded areas and wetland/grass land. Two 8x8 m fields were selected in the woodland. Five profiles each consisting of three layers were randomly taken from each field. The three layers were the surface layer at 0-10cm, subsurface layer at 50-60 cm, and bottom layer at 100-110 cm. Soil in both wood and wetland areas was well developed with a clear B horizon. The present study clearly shows that the total mercury in floodplain soils of LEFPC significantly decreased after the series of remediation. This study confirmed the long-term effectiveness of these remediation actions, especially after excavation of highly contaminated floodplain soils. However, the average total mercury level of all soil samples collected are in the range of 50-80 mg/kg, still significantly above toxic level (> 5mg/kg). Furthermore, contrary to conventional believing, the major mercury form in current soils of this particular area of floodplain of LEFPC is mainly in non-cinnabar mercury bound in clay minerals (after decades of remediation). The floodplains can act both as a medium-term sink and as longterm sources. Native North American earthworms (Diplocardia spp.) and adjacent soils were taken from each spot in each field. Our results show strong linear relationships between mercury concentrations in earthworms (both mature and immature groups) and non-cinnabar mercury form, while cinnabar mercury is less bioavailable to native earthworms. Earthworms may be used as a potential mercury ecological bio-indicator (bio-marker) for demonstrating mercury bioavailability and ecotoxicity in the ecosystem. The long-term stability, mobility and bioavailability of mercury contaminants in these floodplains still needs to be monitored continuously and closely.
INTRODUCTION
Mercury, a naturally occurring trace element in the earth's crust, has proven to be a potent neurotoxin. Mercury is released into the environment in considerable amounts by anthropogenic activities, such as combustion of coal, mining and processing; and it has been transported globally and eventually deposited by wet and dry processes into the pedosphere [1] [2] [3] [4] . The global mercury production since the beginning of the industrial revolution has been estimated at 0.64 million metric tons [4] . Nriagu and Pacyna [2] reported that the annual anthropogenic input of mercury into the environment is as high as 6x10 6 kg/yr. About 741 x 10 6 kg mercury from both anthropogenic input and natural sources has been released into the atmosphere, 118 x 10 6 kg released in water and 806 x 10 6 kg released into soils [1] . As of 2008, 27 states of the US have statewide advisories for mercury in freshwater lakes and/or rivers. Thirteen states have statewide advisories for mercury in their coastal waters and one state has a statewide advisory for mercury in marine fish [5] . The total number of advisories for mercury increased from 3,080 in 2006 to 3,361 in 2008 [5] .
The Y-12 National Security Facility near the city of Oak Ridge, Tennessee, USA is a manufacturing and developmental engineering facility that formerly produced components for various nuclear weapons systems. Mercury has been identified as a key contaminant in soil, sediment, surface water, groundwater, buildings, drains, and sumps in the Y-12 watershed [6, 7] . The source of the mercury is from elemental mercury used during the 1950s and early 1960s for the manufacture of nuclear weapons. Mercury was used to capture enriched lithium by separating the lithium isotopes. The estimates of the total mercury released to the environment range from about 75 to 150 metric tons [8, 9] . Most mercury has been accumulated in the upper 3 m of floodplain soils and the sediments of a 24-km length of the East Fork Poplar Creek (EFPC). Lower East Fork Poplar Creek (LEFPC) flows north from the Y-12 plant, off site into the city of Oak Ridge through a gap in Pine Ridge. Lower EFPC flows through residential and business sections of Oak Ridge to join Poplar Creek, which flows into the Clinch River. The concentrations of mercury in the Upper EFPC watershed (soil) ranged from 0.01 to 7700 mg/kg [10] . Mercury has been detected at higher than background levels in sediments of the Clinch River and the Tennessee River near Chattanooga, some 190 km downstream of Oak Ridge [9] .
A series of remediation efforts have been employed in the Oak Ridge watersheds. These include central pollution control facility, source collection, elimination of untreated discharges, central and east end mercury treatment systems, relining of sanitary and storm sewers, permanent bypass of Lake Reality (a concrete-lined catch basin located on Y-12 plants), dechlorination of cooling water discharges, and bank stabilization project [11] . The U.S. Department of Energy has removed highly mercury contaminated floodplain soil at several locations along the creek where mercury concentrations were higher than 400 mg/kg [9, 12] . Remediation field activities with excavation began in 1996. All floodplain soils with mercury above this level have been removed [9, 12] .
All these remediation efforts have significantly reduced mercury concentrations in water of Upper EFPC from 1.6-1.8 g/L in 1988 to 0.3-0.5 g/L in 2003-2004 [11] . Mercury speciation in UEFPC floodplain soil strongly controls solubility, mobility, and bioavailability of mercury in both terrestrial and aquatic ecosystems and downstream mercury concentrations. Floodplain soils can act both as a medium-term sink and long-term mercury source. Our previous study was to mimic the initial stage of transformation and redistribution of mercury (as nitrate mercury and other forms), which actually occurred in contaminated field soils (floodplain) in Oak Ridge [7] . It is essential to assess the current status of mercury concentrations, speciation, distribution and its ecological bioavailability in floodplain soils after this series of remediation efforts.
The objectives of the present study were to investigate the current status of mercury distribution, speciation and bioavailability in the floodplain soils of East Pork Poplar Creek after decades of US Department of Energy's remediation efforts. This report may confirm the long-term effectiveness of the remediation, especially after excavation of highly contaminated floodplain soils. 
NOMENCLATURE

MATERIALS AND METHODS
Location of Sampling Field
The sampling site was located in a floodplain field of LEFPC of Oak Ridge, TN, USA (Fig. 1) . A series of surface soils (0-20 cm) were sampled from both wooded area and wetland/grassland. Two 8x8 m fields were selected in the woodland. Five profiles consisting of three layers were randomly taken from each field. The three layers were the surface (0-10cm), subsurface (50-60 cm), and bottom layer (100-110 cm). Soil in both wooded and wetland areas was well developed with a clear B horizon. Fresh field samples were stored in a refrigerator for mercury level and speciation analyses. 
Soil Characterization and Earthworm Sampling
The soil at the study site is Armuchee soil (clayey, mixed, thermic Ochreptic Hapludults). This is a moderately deep soil with a clayey subsoil. Armuchee soils are formed in residuum of shale and river alluvia.
Soils were also characterized by soil pH, total organic carbon, iron and manganese oxide and cation exchange capacity (CEC). Soil pH was measured by pH electrodes in 1:1 water extracts and CEC was determined by the NH 4 Cl-KNO 3 method [13] . Organic matter was measured by Total C/N/S Analyzer (Perkin-Elmer) and free Fe (Mn/Al/Si) oxides were analyzed by the citrate-bicarbonate-dithionite method [13] .
Native North American earthworms (Diplocardia spp.) and immediate surrounding soils were taken from each spot in the fields. The earthworms were divided into two groups: immature and mature groups, based on a distinct swelling clitellum. Sexually mature earthworms are those with full clitellate adults. Earthworms were depurified over wet filter papers for 48 hours to purge their gut contents. Earthworms were dried in oven at 70 o C for 10 hours before mercury analyses.
Mercury Analyses
All soils were analyzed for total mercury and mercury speciation with fresh samples. Soil non-cinnabar and cinnabar mercury were sequentially extracted with 4M HNO 3 [7, 14, 15] . Earthworm samples were digested with concentrated HNO 3 and H 2 O 2 on a hot plate [16, 17] . The digested solutions were filtered and then analyzed for Hg using inductively coupled plasma-atomic emission spectrometry (ICP-AES), inductively coupled mass spectrometry (ICP-MS), and cold vapor atomic absorption spectrometry (CVAAS).
Mercury in soils was assumed to be present in six operationally defined solid-phase fractions, which are obtained by selective sequential dissolution (SSD). The protocol employed in this study was developed based on the procedures by Tessier et al. [18] , Shuman [19] , and Han et al. [20] . Compared to the traditional sequential dissolution extraction procedures by Tessier et al. [18] and Biester and Scholz [21] , we added one more fraction at the end aimed at extraction of cinnabar HgS form: HCl:HNO 3 :H 2 O extractable fraction [22] . The residual fraction (RES) with 4M HNO 3 before the cinnabar fraction may extract mercury remaining from all previous steps (except for HgS) due to incomplete extraction, such as humin-bound mercury. The modified sequential dissolution extraction procedure clearly distinguishes mercury in the cinnabar HgS form (by HCl:HNO 3 :H 2 O, 1:6:7) from humic/humin binding Hg in the RES fraction.
NH 4 OAc-extractable mercury. This fraction includes soluble plus exchangeable mercury (EXC). Twenty-five mL of a 1 M ammonium acetate solution (pH adjusted to 7.0 with NH 4 OH) were added to 1.1 g of air-dried soil (equivalent to 1 g of oven-dried soil) in a 50-mL Teflon centrifuge tube. The mixture was shaken for 30 min at 25 o C and then centrifuged. The supernatant was decanted and filtered through a 0.45-μm filter. The soil residue was kept for the next analysis/dissolution step. The same centrifugation-decantation steps were used after each of the following extractions.
NH 2 OH•HCl-extractable mercury. This fraction mainly targets mercury bound to easily reducible oxides, such as Mn oxides (ERO) [19] . Twenty-five mL of a 0.1 M NH 2 OH•HCl + 0.01 M HCl solution (pH 2) were added to the soil residue and shaken for 30 min. This acid might attack some organic matter, resulting in underestimating the organically bound metal. However after extraction of the exchangeable fraction, this attack is less serious.
H 2 O 2 -oxidizable Mercury. This fraction mainly targets mercury bound to organic matter (OM) [18, 20] as well as Hg 0 and to some extent HgS [21] . Three mL of 0.01 M HNO 3 and 5 mL of 30% H 2 O 2 were added to the soil residue. The mixture was digested in a water-bath at 80 o C for 2 hrs. An additional 2 mL of H 2 O 2 were added and the mixture was heated for one hour. Fifteen mLs of a 1 M ammonium acetate solution were then added and the sample agitated for 10 min.
Oxalate-extractable Mercury. This fraction extracts mercury bound to amorphous iron oxides (AmoFe). Twentyfive mL of a 0.2 M oxalate buffer solution (0.2 M (NH 4 ) 2 C 2 O 4 -0.2 M H 2 C 2 O 4 at pH 3.25) were added to the soil residue and the sample shaken in the dark for 4 hours [19] .
Hot NH 2 OH•HCl and HOAc-extractable Mercury. This fraction extracts mercury bound to crystalline iron oxides (CryFe). Twenty-five mL of 0.04 M NH 2 OH•HCl in a 25% acetic acid solution were added to the soil residue and the sample digested in a water bath at 97-100 o C for 3 hours. HNO 3 -extractable mercury. 4M HNO 3 extracts the residual non-cinnabar mercury (RES) from the incomplete extraction of previous fractions (mostly from the organically bound mercury, such as humin-bound mercury) as well as Hg 0 [21] . Twenty-five mL of 4 M HNO 3 were added to the residue or soil and the sample was transferred to a glass digestion tube. Digestion was conducted in a water bath at 80 o C for 16 hours [14, 20] . The same procedure was used to determine total noncinnabar mercury (TOT HNO3 ).
Cinnabar mercury (HgS). Four mL of a mixture of HCl:HNO 3 :H 2 O (1:6:7) were added to the residue soil and digested in water bath at 95 o C for 20 min. The extraction is repeated twice [23] .
RESULTS AND DISCUSSION
Spatial and Soil Profile Distribution of Total Hg
The total mercury concentrations in floodplain surface soils (0-20 cm) East Fork Poplar Creek (EFPC) of Oak Ridge, TN were in the range of 28 to 201 mg/kg with an average of 62.5 mg/kg ±37.6 mk/kg ( Table 1) . Concentrations of total mercury at both depths of soil profiles (around 50-60 cm and 100-110 cm) ranged from 0.4 to 239 mg/kg and averaged 64-82 mg/kg. There are larger variations in the total mercury in subsurface and deep subsurface soils. The total mercury was distributed among soil profiles irregularly (Fig. 2) . Some profiles had much higher mercury in surface soils, some profiles had higher mercury concentrations in the middle layer around 50-60 cm, while other profiles had the highest mercury in the deep down soil profiles.
The total mercury was strongly affected by topography and land use. Spatially the total mercury concentrations were higher in wetlands (with depressions) than in soils of woodland (Fig. 3) . Wetlands usually had lower elevation with woodlands. Wetland along East Fork Poplar Creek was overflown by surface/runoff water after storms and from the creek. Wetland was flourished with dense grasses. On the other hand, woodland had relatively high elevation with less dense grasses. Wetland/grassland surface soils had an average of 62.5 ± 34 mg/kg total mercury, while woodland surface soils had 40 ± 9.6 mg/kg total mercury. Woodland soils had less variation (CV%: 24%) than those in wetland/grassland (CV%: 54.4%).
On the other hand, surface creek bank soils had similar total mercury (47.5 -58.1 mg/kg) with an average 52.3 ± 5.3 mg/kg (Table 1) . However, middle layer of the bank soil (20-40 cm) had 61 mg/kg total mercury. Mercury concentrations decreased to 18.1-53.9 mg/kg (average: 41.1 ± 20 mg/kg) in the deep layer around 50-60 cm. The creek sediment (around 100-120 cm in depth) contained total mercury 74.2 mg/kg.
There is not any significant correlation between total mercury and soil physicochemical properties (CEC, total C, iron oxide, manganese oxide, pH, etc.). The surface soils had 2.45 ± 0.29%, 0.11 ± 0.02%, 3.7 ± 1.7% iron oxide, manganese and organic carbon as well as 18.5 ± 7.73 cmol c /kg, respectively. Basically, the soils down the soil profiles had less iron oxide, CEC, and less organic carbon contents, but similar Mn contents (Table 2) . Soils from banks of the creek had relatively less iron oxide, CEC and organic carbon in the surface bank soils. This phenomenon on soilproperty-independent-distribution of the total mercury and irregular distribution along soil profiles may be explained by a history of a series of remediation activities, including digging and filling. In the past decades, US Department of Energy has excavated all floodplain soils along the East Pork Poplar Creek with total mercury > 400 mg/kg [9, 12] and filled with guest clean soils. The present analyses confirmed the effect of cleaning-up and remediation efforts, which indeed lowered the total mercury well below the DOE target, 400 mg/kg. As indicated by this study, the total mercury concentrations in the all soil samples investigated in the present study were well below that target. It is clearly demonstrated by the present study that the total mercury in floodplain soils of EFPC decreased after a series of remediation, especially excavation of the highly contaminated soils/sediments along the creek. The concentrations of mercury in Upper EFPC watershed soil were earlier reported to range from 0.01 to 7700 mg/kg [10] . Some sediment cores contained 460 mg/kg mercury at depths of 80-84 cm [24] . Mercury has been detected at higher than background levels in sediments of the Clinch River and the Tennessee River near Chattanooga, some 190 km (118 miles) downstream of Oak Ridge [9] . Another recent study by Pant and Allen [25] indicated the total mercury in floodplain soils (54 samples) along EFPC at Oak Ridge ranged from 0.11 to 103.3 mg/kg with a mean of 24.3 mg/kg. All these imply the overall effectiveness of DOE remediation efforts that achieved the cleaning up targets.
Cinnabar and Non-Cinnabar Mercury and Mercury Speciation in Floodplain Soils
We firstly divided the total mercury into non-cinnabar and cinnabar form. Non-cinnabar mercury was the major form (93%) of mercury in the floodplain surface soils (55.5 ± 34 mg/kg non-cinnabar mercury) ( Table 3 ). Cinnabar mercury was 7% (6.0±15.2 mg/kg) of the total mercury. In addition, wetland/grassland soils contained 51.6 ±19.5 mg/kg noncinnabar mercury and 10.9 ±25.4 mg/kg cinnabar mercury, respectively. Woodland soils had 39.4±9.4 mg/kg and 0.6±0.2 mg/kg for non-cinnabar and cinnabar mercury, respectively (Fig. 4) . In the deeper soil profiles, non-cinnabar mercury decreased with depth (surface: 93%, middle subsurface: 82 and deep subsurface: 63.8%), while cinnabar mercury increased with depth (Fig. 5) .
On the other hand, creek bank soils had a higher percentage of non-cinnabar mercury and less cinnabar mercury than floodplain soils (Table 3) . Surface creek bank soils contained 98.2±1.05% non-cinnabar mercury while cinnabar form was 1.77 ± 1.05%. Bank soils at depths of 20-40 cm and sediment (100-120 cm) had a similar percentage of mercury distribution between cinnabar (1.37-2.29%) and non-cinnabar mercury (97.7-96.6%), However one layer around 50-60 cm of the bank soil had a significantly higher percentage cinnabar mercury (37%). Furthermore, non-cinnabar mercury in the solid-phase components was divided into operationally defined six fractions (exchangeable, easily reducible oxide bound, organic matter bound, amorphous iron oxide bound, crystalline iron oxide bound, and non-cinnabar residual forms). In general, a majority of non-cinnabar mercury was residual mercury bound with clay minerals (91 -99.8%), followed by organic matter bound and crystalline iron oxide bound (Figs. 6-8) . Mercury in the exchangeable and easily oxide bound fractions was the lowest with most below the detection limit.
In the surface soils of woodlands, non-cinnabar mercury was mainly in a clay mineral-bound residual fraction (92% ± 7.0%), followed by the organic matter-bound fraction (3.77% ± 3.06%) and crystalline iron oxide-bound fraction (2.72% ± 3.87%) (Fig. 6) . Mercury in the amorphous iron oxide-bound, easily reducible oxide-bound, and the exchangeable fractions was 0.81 ± 2.27%, 0.18 ± 0.68%, and 0.40 ± 1.49%, respectively. Compared to woodland soil, surface soils in the wetland/grassland had higher mercury concentrations in the organic matter-bound fraction (7.53 ± 4.29%) and lower in non-cinnabar bound residual fraction (90.97 ± 5.42%) (Fig. 6) . On the other hand, bank surface and subsurface soils contained slightly higher non-cinnabar clay mineral-bound residual fraction (88-100%), followed by organic bound fraction and amorphous and crystalline iron oxide-bound fractions (Fig. 7) . Figure 6 . Mercury in solid-phase components of surface soils of wetland/grassland and woodlands (EXC: NH 4 OAcextractable mercury, soluble plus exchangeable mercury; ERO: NH 2 OH•HCl-extractable mercury, easily reducible oxidesbound mercury; OM: H 2 O 2 -oxidizable mercury, organic matter-bound mercury; AmorFe: oxalate-extractable mercury, amorphous iron oxides-bound mercury; CryFe: hot NH 2 OH•HCl and HOAc-extractable mercury, crystalline iron oxides-bound mercury; RES: HNO 3 -extractable mercury, residual non-cinnabar mercury; and HgS: cinnabar mercury.
Compared to surface soils, subsurface soils (both middle layers around 50-60 cm and the bottom layer around 100-110 cm) from the woodland had higher mercury concentrations in the non-cinnabar clay mineral-bound residual fraction (>99.5%), less mercury in the organic matter fraction (0.12%), crystalline iron oxide-bound, amorphous iron oxide-bound, easily reducible oxide and exchangeable fractions (Fig. 8) . Mercury in exchangeable and easily oxide reducible oxidebound fractions was below the detection limit. Mercury can occur as various species (e.g., HgS, Hg(II), methyl-Hg, Hg(O)), but the predominant form of mercury in the floodplain soils of the region was previously reported to be mercuric sulfide (cinnabar and meta-cinnabar forms) [26, 27] . Barnett et al. [27] used three different sequential extraction speciation schemes and found that mercury at the site was predominantly relatively insoluble mercuric sulfide or metallic Hg. They further confirmed the presence of meta-cinnabar, a form of mercuric sulfide, in site soils using X-ray and electron beam studies; this confirmed the first known evidence of authigenic mercuric sulfide formation in floodplain soils. Han et al. [7] simulated the solubility and initial distribution /transformation of mercury in solid-phase components in floodplain soils freshly spiked with various forms of mercury. They found that mercury in floodplain soils freshly spiked with soluble mercury chloride and nitrate was dominated by the organic matter bound fraction, while mercury in soils spiked with mercury sulfide was dominated by the cinnabar form.
However, the present study indicates that the major mercury in the floodplain soils of EFPC after decades of remediation is mainly in non-cinnabar mercury bound in clay minerals. This form is not as stable as the cinnabar form, but very stable and less bioavailable than other solid-phase mercury components as discussed earlier. Liu et al. [28] reported that some floodplain soils from EFPC of Oak Ridge were dominated by the organic matter bound mercury fraction (50%). They further reported that the redoximorphic concentration component had higher Hg concentrations than the redoximorphic depletion component in the soil and Hg retained in the redoximorphic concentrations was less volatile and labile than Hg in the redoximorphic depletions possibly due to the strong binding affinity of Fe/Mn oxides and organic matter to Hg. As indicated by the present study, mercury bound in both iron oxide and organic matter fractions, which are more sensitive to environmental changes such as redox changes than other solid phase compounds, play an important role in controlling mercury solubility and bioavailability in the floodplain ecosystem. 
Bioavailability of Mercury in Floodplain Soils to Native Earthworms
The total mercury in earthworms was in the range of 30-120 and 14-89 mg/kg for the mature and immature groups, respectively (Fig. 9) . The average mercury concentrations in both mature and immature groups were 68 ± 33 and 39 ± 29 mg/kg, respectively. Concentrations of mercury in earthworms in contaminated floodplain soils of East Fork Poplar Creek were significantly higher than those in grassland where there is no mercury contamination (1.97± 0.46 mg/kg). The bioaccumulation factors (BF) (ratios of concentrations of mercury in earthworm to those in soil) of mercury in the mature group ranged from 0.47 to 1.75 with an average of 1.0 ± 0.49 (Fig. 9) . However in the immature group of earthworm, BF factors were from 0.32 to 1.11 and averaged 0.64 ± 0.36. This indicates that mercury has been accumulated in the mature group and mature earthworms had almost double BF as the immature group. Burton et al. [29] reported bioaccumulation factors for inorganic matter in earthworms were 0.6 to 3.3 and were usually < 1, but BFs for monomethylmercury ranged from 175 to 249. This may imply that most mercury in soils of floodplain of Oak Ridge site may be mainly inorganic mercury with limited amount of monomethylmercury.
Further we examined the contribution of mercury species in solid phases to bioavailability of mercury in earthworms (Fig. 10) . We first divided total inorganic mercury into cinnabar form and non-cinnabar form. A strong linear relationship was found between mercury concentrations in earthworms (both mature and immature groups) and those in non-cinnabar mercury while no correlations between cinnabar mercury and mercury in earthworm were found (Fig. 10) . This clearly indicates that 4M HNO 3 extractable non-cinnabar mercury posed higher bioavailability of mercury to earthworms than the stable cinnabar form in floodplain soils. It is interesting that no correlation between mercury concentrations in earthworm and mercury concentrations in solid phase components was found.
However, our previous study indicated that mercury sulfide in contaminated floodplain soils of Oak Ridge was still to some extent bioavailable to plants [22] . The increase of bioavailability of soil mercury sulfide after multiple seasons of planting may contribute to the recent increase of mercury levels in water of the Lower East Fork Popular Creek (LEFPC) of Oak Ridge. We found that after three seasons of planting, soil mercury sulfide is more easily dissolved by both 4 M and 12 M nitric acid than is pure mercury sulfide reagent as indicated by their dissolution kinetics. Mercury release by EDTA from HgS-contaminated soil increased with time of reaction and soil mercury level. This chelating chemical increases the solubility of mercury in HgS-contaminated Oak Ridge soil. Earthworms play an important role in carbon recycling and maintenance of soil fertility and texture through decomposing organic residuals and mechanical mixing. They are essential to maintain good physical soil characteristics and balance soil aeration, water permeability, and mineral turnover. In addition, earthworms are key components in natural food chains, providing a food source for many small mammals and important food sources for small birds. The present study indicates that the native earthworms grown in the field mercury contaminated floodplain soils is a better estimate of mercury bioavailability and bioaccumulation in risk assessment than using freshly spiked contaminated soils as reported in the literature [29] .
SUMMARY
The present study clearly shows that the total mercury in floodplain soils of EFPC significantly decreased after a series of remediation, especially after excavation of the highly contaminated soils/sediments along the creek. The major mercury in the current floodplain soils of EFPC decades after remediation is mainly in non-cinnabar mercury bound in clay minerals. This form is not so stable as cinnabar form, but less bioavailable than other solid-phase components. The results also show linear relationships between mercury concentrations in earthworms (both mature and immature groups) and noncinnabar mercury form, which is less bioavailable to earthworms. Native earthworms may be used as a potential mercury ecological bio-indicator (bio-marker) for demonstrating mercury bioavailability and ecotoxicity. Longterm monitoring mercury bioavailability and speciation in floodplain soils is of importance since these soils act as both a medium-term sink and a long-term source to downstream mercury. The long-term stability, mobility and bioavailability of mercury contaminants in these floodplains still needs to be monitored continuously and closely.
